The adoption of Green Frame is expected to provide economic benefits, since construction costs are reduced by the in-situ production of precast concrete column and beam. The cost reduction can ultimately be realized by saving transportation costs and the overhead and profit of PC plants. The cost structure of Green Frame, which is built up using composite precast concrete members, is similar to that of a bearing-wall structure, but the difference in construction process has resulted in some cost differences for a few items. In particular, production and installation is the principal work involved in Green Frame made by precast concrete members, while form and concrete work is the principal work for a bearing-wall structure. As such, the rental time and fee for a tower crane should be compared through time analysis. To verify reliability, this study focused on developed residential projects to estimate the construction costs. Through this analysis, it was found that the costs of Green Frame were 1.57% lower than the costs of bearing-wall structure. The results of this study will help in the development of a management plan for the structural work of Green Frame.
1. Introduction
Background and objective
Green Frame (GF) is a precast concrete (PC) column-beam structure that addresses many of the disadvantages of the bearing-wall structure employed in most apartment buildings in Korea [8, 9] .
In particular, GF can resolve the most significant shortcoming of a column-beam structure; the increasing of floor height, GF can secure a floor height as high as that of a bearing-wall structure.
In-situ production was adopted to produce the main and the cost structure. To verify the economics of GF, the cost structure of GF and a bearing-wall structure should be compared. However, the aforementioned studies have not given a clear explanation for the differences between them.
The cost breakdown of a bearing-wall structure largely consists of three work types: concrete work, reinforcement work and formwork; other costs, including the rental fee of tower cranes, should be included. The cost breakdown of GF built using composite PC members is similar overall to that of the bearing-wall structure, but different in some items due to differences in the PC production and installation. In particular, since PC columns and beams are produced on site, PC production and installation are major work, unlike the work processes involved with the bearing-wall structure, which mainly consist of formwork and concrete placing work. For this reason, a process analysis needs to be performed to compare with a bearing-wall structure to calculate the cost of rental fee and the period of use of tower crane. Therefore, this study aims to analyze the cost of GF compared to a bearing-wall structure. The findings of this research provide increasing cost factors of a GF structure compared to a bearing-wall structure and certain technical improvements to reduce the cost, and these will be utilized as fundamental data to develop elemental technologies.
Research scope and method
The research examines the cost of GF and bearing-wall structure. A comparative analysis was conducted by calculating quantity for the ground structure; the basement and underground structures were excluded from the analysis due to there being marginal difference in quantity by structural type [9] . In addition, the core part was excluded because it is same for both structures.
The masonry wall was categorized as finishing work rather than structural work, and was thus not included in the cost analysis. The composite PC members for GF are limited to those produced on site. The comparison of materials quantity and construction cost was done for one standard floor.
The study proceeded as follows. First, a comparison was done for the characteristics of and differences in the cost breakdown between GF and bearing-wall structures. Second, the quantity of structural materials was calculated by selecting a project designed with both bearing-wall structure and GF.
In addition, additional quantity according to method characteristics was analyzed to ensure an equivalent comparison. Third, the structural work construction cost of GF and bearing-wall structure was compared. If there are differences in unit costs applied to GF and bearing-wall structure, a reliable comparison of construction cost cannot be made. Therefore, all the unit costs applied in this research were drawn through an interview with an expert in the field. In terms of the quantity of a bearing-wall structure, the actual unit costs were applied through an interview with experts, while as that of a GF, the unit costs were calculated and applied by establishing a production plan for the case project.
Theoretical studies

Characteristics of GF
As shown in Figure 1 , the GF applied in this research is a column-beam structure consisting of composite PC beams installed on every floor and PC columns installed in one section of 3 floors. PC columns and beams have the characteristics of a framed structure and thus can be installed rapidly and accurately. Structural integrity is secured by placing concrete in conjunction with slab. GF can improve constructability and reduce the construction period through the application of such a hybrid connection method [5] .
Figure 1 . PC column and beam of GF
When GF is applied to a residential building, a story height can be secured that is as high as a bearing-wall structure, while providing the flexibility of the ramen structure. In addition, when applied to the underground structure, it can reduce the volume that must be excavated [5] .
2.2 Characteristics of the framework 2.2.1 Bearing-wall structural work 
GF structural work
As indicated in Figure 3 , the GF structural work is divided into PC and RC. PC work is comprised of production and installation of composite PC members such as PC columns and beams. In-situ production of composite PC members differs from case to case, but the unit costs are calculated in a similar manner as for the bearing-wall structure, since the RC work is composed of concrete, reinforcement and formwork. To produce PC members on site, developed in-situ forms were used. The composite PC members produced were lifted using a crane and installed. After the installation of columns and beams was finished, the deck plate was installed to place slabs. The developed joint form was used where the column and beam met. When all of the joint forms and deck plates were installed, the structure was integrated by placing concrete after finishing the placement of the top bars of slab. In the GF structural work, the lifting and installation of columns, beams and deck plates were the main process, unlike the bearing-wall structure whose main work is wet construction. The core part, which mainly used wet construction, was done in conjunction with the residential part. In this way, a shorter construction period was secured compared to the traditional bearing-wall structure.
According to the study conducted by Lee et al. [7] , 4 stories can be built in one month, with enough allowance time secured. Steam curing provides the increased long-term strength of wet curing, as well as acceleration [10] . In the in-situ production of composite PC members, steam curing is used to develop the required strength of PC members at an early stage. The steel pipe for scaffolding was used as the steam curing sheet, and the oblique top cover was designed to deal with snow, rain and internal condensation, as seen in Figure 4 .
2) in-situ production Form of the composite PC membersWhen producing PC in a PC plant, a heavy and large-volume mold is used. If it is applied to the in-situ production as it is, heavy equipment shall be required. For this reason, it can cause a safety problem as well as an increased construction cost due to production of the mold. In order to replace the mold used in a PC factory, if plywood forms are used to produce PC members, a lot of manpower is required, the construction duration is extended due to its low constructability, and the quality is also deteriorated. In addition, the low workability of the plywood forms results in a large volume of construction waste.
For these reasons, the forms were made in steel, taking constructability and economic feasibility into account [8] . The forms for the in-situ production are shown in Figure 5 , and two columns and 3 beams were produced from a production module.
To improve the productivity of the in-situ production, PC members were produced, laid on the ground, and the bottom forms and side forms were needed. The bottom forms were defined as the palette [8] , which was not moved from the beginning to the end of structural work. The palette was installed on the floor to bear the weight of form and members, and had sufficient stiffness and better workability than the side form.
The side forms need to be disassembled and assembled repeatedly during the whole structural work. The side form buttressed the side pressure, and was designed to be lightweight so that workers could carry it in consideration of productivity. 
Review of previous studies
Previous studies related to GF construction cost calculation were reviewed. Yune et al. [1] proved the economic feasibility of using GF beams compared to using framed beams. However, the study was conducted on the beams only, and thus its scope was different from that of this study, which aims to calculate the actual costs of GF construction. In addition, Lee [2] performed a comparison of construction costs between GF and bearing-wall structure as well as flat plate structure. However, in that study the site production was not considered, and thus its scope differs from that of this study. Meanwhile, Kim [3] compared the total framework construction cost of GF and bearing-wall structure in consideration of the in-situ production of GF, which is similar to the scope of this study. However, it failed to provide a detailed explanation and consider PC installation cost and tower crane rental fee. As seen above, few studies have provided a detailed calculation of construction cost taking the in-situ production of GF into account. In particular, the study by Kim [3] provided a conceptual introduction to the in-situ production of GF first, and calculated the construction cost.
But it did not consider the peculiarities of in-situ production when calculating the unit costs, and the calculation can hardly be considered accurate.
Thus, a comparative study of the construction cost should be done based on an accurate calculation of quantity and unit cost, in consideration of the in-situ production of GF.
3. Quantity of structural materials by characteristics of each structural type
Description of the case project
The case project was performed in a apartment building in Gyeonggi-do. At the time of construction approval, the project was expected to have a heavy deficit based on a business economics analysis [8] .
For this reason, the bearing-wall structure in Figure   6 was re-designed at the request of the owner, as shown in Figure 7 , with a view to allowing greater flexibility of residential spaces, improving seismic performance, and reducing the selling price.
The case project originally designed in a bearing-wall structure had 11 buildings with volume of 208.96% as indicated in Table 1 . It was re-designed to have a volume of 227.87%, and typical floor plans were provided based both on a bearing-wall structure and a GF under the same condition. Table 5 . Quantity of the structural work(GF)
3.3 Additional quantity by characteristics of each structural type
As GF is a ramen structure, gangform(outer form of external wall) and euroform(form for internal wall) used to build the walls in a bearing-wall structure were not needed. The concrete wall was replaced with light-weight dry wall. To compare the quantities needed to make an equivalent output, the quantities added or subtracted according to the characteristics of each structural type should be considered, rather than simply comparing the quantities for each structure. 
Calculation of unit costs
To perform a reliable comparison of construction costs, an identical cost system should be applied to the quantity of structural materials. For this reason, each unit cost was calculated by analyzing productivity for each item through advice from an expert. 
Unit cost of concrete work
Unit cost of reinforcement work
The material cost of rebars was analyzed based on the expert's advice and actual construction specifications to get KRW 840,000 per 1 ton as the standard unit cost. Unit costs of KRW 150,000 and KRW 860,000 were applied to HD13 and HD10, respectively. However, the unit cost of GF columns and beams was applied differently based on a productivity analysis, since they were produced on the ground and their work process was simple. 2) Form of in-situ production When GF was applied to the case project, we got the quotation for the total quantities of 5,538
Unit cost of formwork
EA ( In Table 7 , the unit costs of structural work (GF and bearing-wall structure) calculated considering the work productivity and material costs are summarized. Table 7 . Unit cost of the structural work(GF)
4.2 Structural work cost of typical floor (bearing-wall structure)
The unit costs analyzed in Section 4.1 were applied to the quantities of the structural work (bearing-wall structure) calculated earlier. 
Structural work cost of typical floor (GF)
The unit costs shown in Table 7 were applied to the quantities of the structural work (GF) calculated earlier. The structural work cost of typical floor (GF) of the case project is shown in Table 9 , amounting to KRW 42,960,063. According to the construction plan of the case project, a total of 8 tower cranes were used, costing KRW 1,082,766,000 when transportation cost, installation and dismantling cost and rental cost of tower cranes is taken into account. The tower crane cost per floor is shown in Table 11 , and amounts to KRW 3,331,588, which is calculated by dividing the total cost of tower crane equipment by 25 stories of 13 buildings.
Analysis
2) Tower crane cost of structural type(GF) Lee et al. [7] suggested 4 days as the shortest construction period for GF. However, in this study 
Conclusion
To practically apply a new method like GF to an actual site, economics should be verified and secured through cost analysis. Therefore, a comparative analysis should be performed of the construction costs for the bearing-wall structure and GF, after calculating each unit cost applied.
The findings of this study are as follows. First, work types were identified according to the characteristics of each structural type. The additionally considered items were defined to perform an equivalent comparison due to the replacement of the cast-in-place concrete wall with dry walls.
Second, a case project was selected to calculate the quantity of structural materials needed for each structural type. The structural work of GF has good constructability and requires less material to complete compared to the bearing-wall structure. Third, construction costs were calculated and compared between GF and the bearing-wall structure through a quantity analysis. Through this comparison, it was found that the construction cost of GF was 1.57% lower compared to the bearing-wall structure. Even assuming that a 1.57% reduction in cost is within the possible tolerance error, GF can be constructed with a construction cost equivalent to that of building a bearing-wall structure. On the other hand, if the flat plate structure currently in wide use to secure the flexibility of apartment units is used, the construction cost tends to increase by 5.6~28.6% compared to that required a bearing-wall structure [12] . For this reason, GF is more appropriate for application to apartment building construction for two reasons: it offers better flexibility than the flat plate structure and can be constructed at an equivalent construction cost to a bearing-wall structure. It is expected that this research can be utilized as fundamental data in improving structural types, to reduce costs and develop elemental technologies in the future.
